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a  b  s  t  r  a  c  t
The  strict  anaerobe  Geobacter  metallireducens  was  cultivated  in  retentostats  under  acetate  and  acetate
plus  benzoate  limitation  in the  presence  of Fe(III)  citrate  in order  to  investigate  its physiology  under
close  to natural  conditions.  Growth  rates  below  0.003  h−1 were  achieved  in the  course  of  cultivation.  A
nano-liquid  chromatography–tandem  mass  spectrometry-based  proteomic  approach  (nano-LC–MS/MS)
with  subsequent  label-free  quantiﬁcation  was  performed  on  proteins  extracted  from  cells  sampled
at  different  time  points  during  retentostat  cultivation.  Proteins  detected  at low  (0.002  h−1)  and  high
(0.06  h−1) growth  rates  were  compared  between  corresponding  growth  conditions  (acetate  or  acetate
plus  benzoate).  Carbon  limitation  signiﬁcantly  increased  the  abundances  of  several  catabolic  proteins
involved  in  the  degradation  of substrates  not  present  in  the  medium  (ethanol,  butyrate,  fatty  acids,
and  aromatic  compounds).  Growth  rate-speciﬁc  physiology  was  reﬂected  in  the changed  abundances  of
energy-,  chemotaxis-,  oxidative  stress-,  and  transport-related  proteins.  Mimicking  natural  conditions  by
extremely  slow  bacterial  growth  allowed  to show  how  G.  metallireducens  optimized  its  physiology  in order
to  survive  in  its natural  habitats,  since  it was  prepared  to consume  several  carbon  sources  simultaneously
and  to  withstand  various  environmental  stresses.
©  2014  The  Authors.  Published  by  Elsevier  GmbH.  This  is an  open  access  article  under  the CCntroduction
The natural environment provides microorganisms with differ-
nt conditions compared to well-established laboratory cultivation
ystems. In microbial habitats, carbon is typically present at very
ow concentrations and as a mixture of several substrates [17,20].
or example, the content of dissolved organic carbon in ground-
ater can range from 75 to 180 M [7,20]. Additionally, under
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extreme conditions, such as the deep biosphere, microorganisms
are exposed to a very low supply of organic carbon but bacteria are
still able to survive under such oligotrophic conditions [13].
Therefore, the question arises of how microorganisms with slow
bacterial growth utilize carbon under environmental conditions of
low substrate concentrations. One strategy would be to increase the
amounts of transporters of limiting substrates [17]. Additionally,
to be able to react quickly to changing conditions, microorganisms
may  express various catabolic proteins that are not involved in the
degradation of available substrates [18]. Various substrate trans-
port systems not present in growth medium have been found to
be expressed in carbon-limited chemostats, not only by the model
microorganism Escherichia coli [39] but also by the environmentally
relevant toluene-degrading bacterium Aromatoleum aromaticum
EbN1 [36].
access article under the CC BY-NC-ND license (http://creativecommons.org/
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Chemostat experiments performed to date have been conducted
ith fast-growing microorganisms at relatively high growth rates
between 0.02 and 0.05 h−1 [36,39]) where energy ﬂux was suf-
cient to sustain the expression of many catabolic pathways. In
ontrast, continuous cultures with biomass retention (retentostats)
an be considered as good candidates for mimicking environmental
onditions, since they allow the investigation of bacterial phys-
ology at extremely low growth rates. Substrate inﬂow is kept
onstant while biomass increases, causing the amount of sub-
trate available per bacterial cell to decrease over time leading to
xtremely low growth rates with doubling times of up to one year
9,21].
In this study, the proteome of the anaerobic iron-reducing,
romatic hydrocarbon-degrading Geobacter metallireducens was
roﬁled at low growth rates in order to examine how different car-
on sources would be utilized under conditions close to a natural
tate, which is important for understanding their role and func-
ion during the remediation of contaminated sites [6,14,30]. Under
hese conditions, G. metallireducens was expected to enter into an
nergy-saving mode that would prevent the bacterium from full
e-repression of catabolic pathways in contrast to E. coli cultivated
n chemostats [16].
aterials and methods
ultivation of G. metallireducens in retentostats
G. metallireducens strain GS-15 (DSM 7210) was  purchased from
he Deutsche Sammlung von Mikroorganismen und Zellkulturen
mbH (DSMZ), Germany. Microorganisms were cultivated in DSMZ
eobacter medium 579 with 1 mL  L−1 DSMZ trace element solu-
ion (SL10) and 0.5 mL  L−1 DSMZ 7 vitamins solution. Cultivation of
. metallireducens in retentostats was undertaken in three repli-
ate runs with 2.5 mM acetate plus 0.7 mM benzoate as mixed
arbon sources, and in two  runs with 5 mM acetate as a single car-
on source. The retentostat equipment was designed and built by
he electronics and mechanics workshop of the Faculty of Earth
nd Life Sciences, VU University Amsterdam, the Netherlands, and
etails of the design can be found in [21,32]. The fermenter ves-
el had a maximum capacity of 2 L with a working volume of 1.5 L,
nd it was operated under anoxic conditions. A N2/CO2 mixture
90%:10%) was passed through a Titanium(III) citrate solution in
rder to remove traces of oxygen, prior to entering the reactor
t a constant rate of 2 L per hour. The fermenter was stirred at
00 rpm, and medium was  pumped out through a retention unit
ncorporating a 0.22 m pore size ﬁlter to retain biomass. The pH
f the culture was maintained at 6.8 by the addition of 2 M HCl or
 M NaOH, and the temperature was maintained at 30 ◦C. The gas
utlet was connected to a bottle ﬁlled with water, which kept the
ermenter at slight overpressure in order to avoid oxygen leakage
nto the system. The fermenter and medium reservoir were kept
ark by wrapping in aluminium foil. The fermenter was inoculated
t 10% v/v with an exponentially growing pre-culture, and culti-
ated under batch conditions until the Fe2+ concentration reached
0–40 mM,  which indicated complete carbon source consumption.
hen, the peristaltic feed pump was switched on (medium supply
ate of 50 mL  h−1) and the fermenter was operated in retentostat
ode.
Cultivation of G. metallireducens in batch experiments is
escribed in an accompanying paper [24].nalytical measurements
Fe2+, acetate and benzoate concentrations were determined as
escribed in [24].d Microbiology 37 (2014) 287–295
Cell counting and dry weight
Cells were enumerated with a MultisizerTM 3 Coulter Counter®
(Beckman Coulter, CA, USA).
Proteomic analyses
Cells were sampled several times during the course of retento-
stat cultivation (Supplementary Figs. S1 and S2). The procedures for
protein analysis and identiﬁcation were performed as described in
Ref. [24].
Statistical analysis
Normalization
Abundances of proteins detected in retentostat and batch exper-
iments were normalized according to the procedure described in
Ref. [24].
Differentially expressed proteins
Identiﬁcation of differentially expressed proteins was carried
out as reported in [24]. In order to identify differences speciﬁcally
caused by a certain growth rate, proteins expressed in batch cul-
ture and retentostats were compared to each other for a speciﬁc
substrate condition (acetate or acetate plus benzoate) via one-way
ANOVA with subsequent application of the t-test. False discovery
rates (FDR) were calculated as described in [24]. Two technical
replicates were taken from the retentostat experiments. In order
to gain sufﬁcient power to recognize differentially abundant pro-
teins, the randomization of the protein abundances was  applied
100 times within each technical sample and not between the con-
ditions. The FDR threshold was set to 2%.
Determination of growth rate and biomass production rate
The growth rate was  estimated according to the following equa-
tion:
 = rx(t)
x(t)
(1)
where  is the growth rate (h−1), rx(t) is the biomass production
rate (biomass unit h−1) and x(t) is the biomass as a function of time.
rx(t) and x(t) were calculated according to the following equa-
tions [21]:
rx(t)fit = msYxsm
(
rs
ms
− x0
)
e−msYxsmt (2)
xx(t)fit =
rs
ms
−
(
rs
ms
− x0
)
e−msYxsmt (3)
where t is time (h), x(t) is the biomass as a function of time t, ms
is the maintenance energy (mmol  (biomass unit h)−1), Yxsm is the
maximum growth yield (biomass units per mmol of a limiting sub-
strate), rs is the supply rate of the growth-limiting substrates in the
current study (mmol  h−1) that was equal to 0.390 C-mmol substrate
h−1 in acetate-limited retentostats and 0.495 C-mmol substrate h−1
in acetate plus benzoate-limited retentostats, and x0 is the mea-
sured biomass at time 0. Values for ms and Yxsm were taken from
a previous study on the physiology of G. metallireducens in reten-
tostats under acetate limitation in the presence of humic acid as an
electron acceptor [21], and were −0.016 mmol  (biomass unit h)−1
and 0.053 g biomass per mol  substrate, respectively.Monitoring of culture purity
Microscopy, culturing and molecular analysis were routinely
applied. Samples taken from retentostats were plated on solid agar
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edium (1.5%, w/v) employing the same medium as used in reten-
ostat cultivation, with acetate as a carbon source. Plates were
ncubated under oxic or anoxic conditions. The FastDNA® SPIN
it for Soil (MP  Biomedicals, USA) was used for DNA extraction
rom 1 mL  of the cell culture. The V3 region of the 16S rRNA gene
equence was ampliﬁed using bacterial 16S rRNA primers (forward
rimer F357 with a 40 bp GC clamp attached at the 5′ end and
everse primer R518) [28]. Denaturing gradient gel electrophore-
is (DGGE) was performed with a Bio-Rad DCode (Hercules, CA)
etection system. The PCR products were loaded onto 1 mm  thick
olyacrylamide gels containing a 30–55% linear denaturant gradi-
nt. Electrophoresis was  performed at a constant voltage of 200 V
or 200 min  in 1× TAE running buffer at 60 ◦C. After electrophoresis,
he gels were stained with ethidium bromide buffer and photo-
raphed under UV light using a Kodak EDAS 290 camera.
esults
rowth of G. metallireducens in carbon-limited retentostats
Growth of G. metallireducens in acetate-limited retentostats was
haracterized by acetate concentrations below the detection limit
residual acetate of <0.1 mM;  Fig. 1 and Supplementary Fig. S1). The
owest growth rates obtained (0.0021–0.0024 h−1) were 30 times
ower than in batch culture (0.063 h−1) [24].
In acetate plus benzoate-limited retentostats, acetate (2.5 mM)
nd benzoate (0.7 mM)  were supplied in approximately equal car-
on content (5.0 and 4.9 mmol  C, respectively). In contrast to batch
xperiments [24], acetate and benzoate were consumed simulta-
eously. Two  replicates (run 1 and run 2) had residual benzoate
nd one replicate (run 3) had residual acetate in the outﬂow (Sup-
lementary Fig. S2). The total residual C-substrate concentrations
ere, however, approximately the same between the replicates
0.7–1.0 carbon mmol  L−1) (Supplementary Fig. S2). The lowest
rowth rates estimated for acetate plus benzoate-limited reten-
ostats were similar to the lowest growth rates estimated for
cetate-limited retentostats: 0.0021–0.0025 h−1 (Fig. 1 and Sup-
lementary Fig. S2).
Microscopic examination of cells cultivated in the acetate plus
enzoate-limited retentostats revealed different morphologies at
he beginning and end of cultivation, suggesting that bacterial cells
id not divide completely at extremely low growth rates (Sup-
lementary Fig. S3). Examination of culture purity by plating and
olecular analysis (Supplementary Fig. S4) did not reveal contam-
nation during the course of retentostat cultivation.
roteome of G. metallireducens at low (retentostat) and high
batch) growth rates
The total number of proteins detected in the cells grown in
etentostats and in batch culture was similar (Supplementary Table
1). The impact of growth rate (retentostat versus batch) was
xamined by one-way ANOVA analysis of protein abundances cor-
esponding to a certain growth condition (growth with a single
arbon source (acetate) or growth with two carbon sources (acetate
lus benzoate). This analysis revealed that 129 and 118 proteins
ere differentially abundant on acetate (Supplementary Table S2)
nd acetate plus benzoate (Supplementary Table S3), respectively.
 total of 39 proteins were detected as differentially abundant in
oth growth conditions.
The distribution of proteins over clusters of orthologous groups
COGs) protein categories was highly similar at high and low
rowth rates (Supplementary Fig. S5). Proteins with signiﬁcantly
igher abundances during retentostat cultivation compared to
atch culture (Fig. 2), or detected only at low growth rates (Fig. 3),d Microbiology 37 (2014) 287–295 289
were found in various COG categories, including those of cell
motility, signal transduction, intracellular trafﬁcking, energy con-
servation, and carbohydrate transport and metabolism.
Carbon metabolism
Abundances of all proteins in the ethanol utilization pathway
were signiﬁcantly increased in response to low growth rates (Sup-
plementary Fig. S6 and Fig. 4). In contrast, only a few proteins from
other catabolic pathways, such as acetate-, pyruvate-, butyrate-
, benzoate-, phenol-, p-cresol-, and p-hydroxybutyrate-degrading
pathways, signiﬁcantly increased in abundance under carbon lim-
itation (Fig. 4). The highest-fold change among catabolic proteins
(up to 1470) at low compared to high growth rates was observed
for the two proteins of ethanol degradation: the iron-containing
ethanol dehydrogenase (Gmet 1046) and the tungsten-containing
aldehyde ferredoxin oxidoreductase (Gmet 1045) (Supplementary
Tables S2 and S3).
Low growth rates were also characterized by the induction of
multiple pathways for acetate and pyruvate metabolism, indicat-
ing metabolic redundancy [33,35]. For example, proteins initiating
acetate consumption, acetate kinase (Gmet 1034) and the ATP-
consuming acetate-CoA ligase (Gmet 2340) were more abundant
at low growth rates in the acetate-limited retentostats compared to
batch culture (Fig. 4). Increased demand for pyruvate at low growth
rates was reﬂected in expression of phosphoenolpyruvate synthase
(Gmet 0770) and the acetyl-CoA synthesizing component of pyru-
vate dehydrogenase (Gmet 2510), as well as increased abundance
of the ATP-consuming pyruvate carboxylase (Gmet 0816) (Fig. 4).
During growth in the retentostats with acetate plus benzoate,
the benzoyl-CoA pathway was the only aromatic compound-
degrading pathway expressed. In contrast to high growth rates,
benzoyl-CoA ligase (Gmet 2143) was not detected in retentostats,
while succinyl:benzoate coenzyme A transferase (Gmet 2054) was
highly abundant (Supplementary Table S1). Proteins degrading
toluene were only detected at high growth rates (Supplementary
Table S1 and Fig. 4).
Proteins from fatty acid metabolism detected solely at low
growth rates were related to the catabolic processes (Gmet 0144,
Gmet 3302, Gmet 0790), while most of the proteins detected only
at high growth rates were related to the anabolic pathway of fatty
acid biosynthesis (Gmet 0115, Gmet 2892, Gmet 0256) (Fig. 4).
Several proteins of the central TCA cycle had insigniﬁcantly
decreased abundances at low growth rates (Supplementary Table
S1). Phosphoenolpyruvate carboxykinase (Gmet 3169) and several
other proteins of gluconeogenesis had increased abundances at low
growth rates (Fig. 4).
Electron transport
Many proteins related to electron transport were detected
at low growth rates only or had increased abundances com-
pared to high growth rates (Fig. 5). More abundant were, for
example, proteins related to nitrate reduction (e.g. Gmet 1020-
1021), nickel-dependent hydrogenase (Gmet 3330-3331), and
various cytochromes (e.g. Gmet 1094, Gmet 0581, Gmet 0557,
Gmet 3091) (Fig. 5). Some electron-transferring proteins highly
abundant at low growth rates were also related to protection
against oxidative stress (e.g. Gmet 3330 [38], Gmet 1930 [27], etc.)
(Fig. 5).
Other changes in physiology in response to low growth ratesAt low growth rates, the number of signiﬁcantly abundant
proteins related to cell motility, intracellular trafﬁcking, secretion
and vesicular transport, as well as defense mechanisms, was
290 S. Marozava et al. / Systematic and Applied Microbiology 37 (2014) 287–295
Fig. 1. Growth of G. metallireducens in anoxic, acetate- (A1, A2) and acetate plus benzoate- (B1, B2) limited retentostats with Fe(III) citrate as an electron acceptor. (©)
Measured cell numbers in retentostats, ( ) ﬁtted biomass x(t)ﬁt, ( ) Fe2+, () acetate and () benzoate concentrations in the ﬁltrate. (- - -) indicates the sampling
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roints  for proteomic analysis and the respective doubling times (td(h)) at the time o
Figs.  S1 and S2).
ncreased compared to those of high growth rates (Figs. 2 and 3).
he majority of signal transduction proteins detected only at low
rowth rates belonged to histidine kinases. Two proteins that
ight be related to the production of cyclic-di-GMP and bioﬁlm
ormation (Gmet 0700 and Gmet 0742) [22], as well as a protein
elated to adhesion to Fe(III) oxide (Gmet 0556) [34], were also
etected only at low growth rates (Fig. 5).
ig. 2. Distribution of differentially expressed proteins (Distribution is indicated for all d
nd  S2). They have a ratio of average protein abundances detected in retentostats at samp
ulture  with corresponding substrates (acetate or acetate plus benzoate) of >5 (positive va
B)  acetate-limited retentostats. Samples were taken at t0, the beginning of retentostat cul
nd  acetate plus benzoate-limited retentostats, respectively, at t2, growth rates of 0.0018
etentostats, respectively, and at t3, growth rates of 0.0019–0.0020 h−1 in acetate plus bepling. Data on all retentostat replicates can be found in the supplementary material
The majority of low growth rate-speciﬁc transporters were
related to the transport of metals (e.g. Gmet 1547-1548,
Gmet 0134) and unknown substrates (Fig. 5). In contrast, proteins
detected only at high growth rates were annotated as involved
in the transport of phosphate (e.g. Gmet 2701 and Gmet 2704),
vitamin B12 (Gmet 2735), potassium (Gmet 0063), and lipids
(Gmet 2349) (Fig. 5).
ifferentially expressed proteins identiﬁed by ANOVA (see Supplementary Tables S1
ling times t0, t1, t2, or t3 compared to average protein abundances detected in batch
lues) or <0.2 (negative values)) over COG categories. (A) Acetate plus benzoate- and
tivation, at t1, growth rates of 0.0043–0.0058 h−1 and 0.0036–0.0043 h−1 in acetate-
–0.0022 h−1 and 0.0028–0.0031 h−1 in acetate- and acetate plus benzoate-limited
nzoate-limited retentostats.
S. Marozava et al. / Systematic and Applied Microbiology 37 (2014) 287–295 291
Fig. 3. Distribution of growth-speciﬁc proteins (Growth-speciﬁc proteins were considered to be the proteins detected only at low (positive values) or high (negative values)
growth rates) over COG categories. (A) Acetate plus benzoate- and (B) acetate-limited retentostats. Samples were taken at t0, the beginning of retentostat cultivation, at t1,
g lus be
a espect
r
D
p
g
a
F
arowth  rates of 0.0043–0.0058 h−1 and 0.0036–0.0043 h−1 in acetate- and acetate p
nd 0.0028–0.0031 h−1 in acetate- and acetate plus benzoate-limited retentostats, r
etentostats.
iscussion
Under carbon-limiting conditions in retentostats, microbial
hysiology is a reﬂection of both carbon limitation and slow
rowth. The response to carbon limitation is expected to be char-
cterized by a relief from carbon catabolite repression (CCR),
ig. 4. Catabolic proteins with differential abundances at low vs. high growth rates. Diffe
nd  also comprised proteins detected at low or high growth rates only. The protein annotanzoate-limited retentostats, respectively, at t2, growth rates of 0.0018–0.0022 h−1
ively, and at t3, growth rates of 0.0019–0.0020 h−1 in acetate plus benzoate-limited
increase in the uptake capacity of limiting substrates, and expres-
sion of enzymes degrading alternative carbon substrates (not
currently present in the medium) [11], while the response to
slow growth would be independent from the source of limitation
(e.g. decrease in protein and DNA synthesis and increase in signal
transduction).
rentially expressed proteins were identiﬁed by ANOVA (false discovery rates <2%)
tion can be found in the text and in the supplementary material (Tables S2 and S3).
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arbon limitation-speciﬁc physiology
elief from CCR
In G. metallireducens, the anaerobic degradation of acetate and
enzoate proceeds through distinct peripheral catabolic pathways
hat might lead to sequential utilization of these substrates. As
lready shown [35], benzoate gives higher biomass yield per mol
f substrate consumed and could be of primary interest for the
rganism. However, in an accompanying paper [24], we  have
hown that acetate is preferred over benzoate during growth under
arbon excess. In contrast, at low growth rates in retentostats,
. metallireducens was able to co-utilize acetate and benzoate.
imultaneous consumption of aromatic compounds and easily
egradable substrates (e.g. acetate) in carbon-limited chemostats
as also been reported for the aerobic microorganism Ralsto-
ia pickettii PKO1 [4] and Pseudomonas sp. [5,31]. Therefore, in
arbon-limited natural environments with traces of aromatic con-
aminants, microorganisms may  generally use several substrates
imultaneously.
eadiness to utilize alternative carbon substrates
In contrast to previous studies on microbial physiology under
arbon limitation, where chemostats were run at growth rates
f 0.01 h−1 and above [2,3,16,36,39], the current study inves-
igated the physiology of G. metallireducens at growth rates
elow 0.003 h−1, which might be more relevant for carbon-
imited environments [21]. It was expected that such low growth
ates might induce an energy-saving mode in G. metallireducens
nd prevent expression of many alternative catabolic path-
ays when their substrates are not readily available. Instead,
. metallireducens expressed key proteins related to utiliza-
ion of nearly 50% of the carbon sources (Fig. 4) it could
se [23]. During carbon limitation, G. metallireducens seemed
o employ a strategy where some preferred metabolic path-
ays were de-repressed while others needed speciﬁc induction
e.g. the toluene-degrading pathway). Thus, G. metallireducens
ppears to be adapted to typical anoxic habitats where pri-
ary fermenting microorganisms deplete sugars and proteins
10], and release alcohols and fatty acids as fermentation prod-
cts.
entral metabolism
The reduced ﬂux of metabolites during slow growth on a
imiting carbon source might be achieved with lower abundances
f the enzymes belonging to central catabolic pathways. Simi-
ar to A. aromaticum cultivated under carbon limitation [36], G.
etallireducens had decreased abundances of most of its TCA
roteins.
Nevertheless, the increase in the abundance of the proteins that
arry out anaplerotic reactions (pyruvate carboxylase (Gmet 0816)
nd a component of pyruvate dehydrogenase (Gmet 2510)) (Fig. 4)
uggested a requirement to reﬁll the TCA cycle with oxaloacetate,
s well as an increased readiness to utilize pyruvate during carbon
imitation. Segura et al. [33] suggested that pyruvate degradation
ia pyruvate dehydrogenase is not functional in G. sulfurreducens
uring exponential growth under unlimited conditions in batch
ulture. However, the detection of a subunit of the putative E1
rotein of the pyruvate dehydrogenase complex (Gmet 2510)
t low growth rates suggests that this alternative pathway for
ig. 5. Abundances of selected differentially expressed proteins at low (retentostats) a
enzoate. Average abundances of biological replicates are presented. t0, t1, t2, and t3 cor
ables  S2 and S3).d Microbiology 37 (2014) 287–295 293
production of acetyl-CoA from pyruvate might be expressed at low
growth rates in G. metallireducens.
Growth rate-speciﬁc physiology
In bacteria, reduced growth rates induce broad resistance to var-
ious environmental stresses [12,19]. Similarly, our study showed
that besides speciﬁc metabolic responses to carbon limitation, low
growth rates triggered a general stress response in G. metallire-
ducens. This was reﬂected by increased abundances of enzymes
related to the utilization of alternative electron acceptors, signal
transduction and protection against oxidative stress (Fig. 5). In G.
sulfurreducens, some of these homologous proteins were also found
to belong to the regulon of sigma RpoS, a master regulator of the
general stress response [29]. Such physiology is advantageous for
Geobactereaceae to survive in natural habitats with energy limita-
tion, heavy metals, or oxidative stress.
Readiness to utilize alternative electron acceptors
Induced expression of enzymes related to reduction of nitrate,
Fe(III), Mn(IV), and humic acids (Fig. 5) in response to low growth
rates agrees with previous studies on Geobactereaceae cultivated
in AQDS- or carbon-limited retentostats [21], insoluble Fe(III)
oxides in batch culture [1] or sediments [15]. In addition, at low
growth rates, G. metallireducens seemed to increase its iron reduc-
tion capabilities by increasing the abundance of ﬂagella and pili
biogenesis-related proteins, which are involved in iron reduction
[23,37].
Readiness to withstand oxidative stress
It has been shown previously that Geobacter species can be
oxidatively stressed in batch incubations with insoluble oxides of
Fe(III) and Mn(IV) [1], in chemostats with soluble Fe(III) citrate
[25,26], and in natural sediments containing Fe(III) oxides [15].
The current study also revealed an oxidative stress response of G.
metallireducens in retentostats with soluble Fe(III) citrate. The pro-
teomic data suggested that, at low growth rates, G. metallireducens
was prepared for exposure to superoxide radicals (e.g. increased
abundances of cytochrome c (Gmet 0115) and cytochrome bd
(Gmet 1930), as well as ferredoxin (Gmet 0148)) [26], and hydro-
gen peroxide (increase in abundance of cytochrome c catalase
(Gmet 1094) [1]).
Increase in motility and signal transduction
Geobacter spp. are considered to possess the highest number of
encoded signal transduction proteins among microorganisms with
completely sequenced genomes [8]. This is related to the versatility
of Geobacter spp. to utilize many electron acceptors in the environ-
ment [8]. Therefore, increased sensing and motility, as reﬂected
in higher abundances or de novo formation of corresponding pro-
teins at low growth rates (Figs. 2 and 3), might indicate that G.
metallireducens is prepared to utilize alternative electron acceptors
simultaneously, as well as search for new habitats.
Regulation of catabolic pathways in G. metallireducensIn conclusion, we  propose a model for regulation of catabolic
pathways by G. metallireducens at high and low substrate concen-
trations (Fig. 6).
nd high (batch) growth rates. Growth conditions: A – acetate, AB – acetate plus
respond to the sampling points during retentostat cultivation (see Supplementary
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[ig. 6. Schematic representation of the proposed regulation of catabolic pathways
epresent  simpliﬁed degradation pathways. Open arrows indicate the positive (+) or
For  interpretation of the references to color in this ﬁgure legend, the reader is refe
In batch culture, when G. metallireducens is exposed to high
ubstrate concentrations and performs high growth rates, the uti-
ization of aromatic compounds is repressed by acetate and ethanol
ia CCR (Fig. 6A) [24]. Although aromatic compounds contain more
nergy per molecule than short-chain fatty acids and alcohols,
t is more advantageous for G. metallireducens to use acetate or
thanol as they are degraded faster [24]. Degradation pathways
f aromatics such as toluene, benzoate, phenol, and p-cresol are
o-expressed on toluene because they converge at the level of
enzoyl-CoA (Fig. 6A). Butyrate induces expression of the benzoyl-
oA degradation pathway via an unknown mechanism, which
ould also be related to the joining of these two pathways at the
evel of butyrate-derived metabolic intermediates (e.g. crotonyl-
oA that subsequently undergoes fatty acid -oxidation [24]).
entral metabolic pathways, such as the TCA cycle, are character-
zed by regulation through changes in metabolite concentrations
ather than gene expression (Fig. 6A).
Under environmentally relevant scenarios with acetate- or
cetate plus benzoate-limited retentostats, G. metallireducens
e-represses pathways involved in degradation of benzoyl-CoA
nd fermentation products such as ethanol, acetate, and butyrate
Fig. 6B). Expression of proteins related to activation of aromatic
ompounds requires the presence of the respective substrates (spe-
iﬁc induction, Fig. 6B).
The proposed model suggests optimized consumption of carbon
ources by G. metallireducens in the environment. At high substrate
oncentrations, it prefers easily degradable compounds to gain
nergy for fast growth, while under carbon limitation the spectrum
f various de-repressed catabolic enzymes enables quick responses
o changes in the substrate composition of habitats. Readiness to
xpress the benzoyl-CoA-degrading pathway suggests that under
ligotrophic conditions G. metallireducens co-consumes aromatic
ompounds and fermentation products.
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